Using the state-of-the-art screened Korringa-Kohn-Rostoker Green function method we study the electronic and magnetic properties of NiMnSb and similar Heusler alloys. We show that all these compounds are half-metals, e.g. the minority-spin band is semiconducting and the Fermi level falls within this gap resulting in 100% spin polarization at the Fermi level. The total spin moment M t shows the so-called Slater-Pauling behaviour and scales with the total valence charge Z t following the rule M t ¼ Z t À 18 for half and M t ¼ Z t À 24 for full Heusler alloys. These rules are connected to the origin of the gap. Finally we show that the inclusion of the spin-orbit interaction in our calculations kills the half-metallic gap but the spin-polarization at the Fermi level can be still very high, $99% for NiMnSb, but much lower for a half-metallic compound like zincblende MnBi (77%).
Introduction
Heusler alloys, first fabricated by Heusler in 1906, have attracted great interest during the last century because of the possibility of studying, in the same family of alloys, a series of interesting diverse magnetic phenomena like itinerant and localized magnetism, antiferromagnetism, helimagnetism, Pauli paramagnetism or heavy-fermionic behaviour [1] . The first Heusler alloys studied were crystallizing in the L2 1 structure which consists of 4 fcc sublattices. Afterwards, it was discovered that it is possible to leave one of the four sublattices unoccupied (C1 b structure). The latter compounds are often called half-Heusler alloys, while the L2 1 compounds are referred to as full-Heusler alloys. In a pioneering theory paper in 1983 de Groot and his collaborators [2] showed that one of the half-Heusler compounds, NiMnSb, is a half-metal, i.e. a Ferromagnetic metal for which the minority-spin band is semiconducting with a gap at the Fermi level E F , leading to 100% spin polarization at E F . Such half-metals can be considered hybrids between metals and semiconductors. Recently, the rapid development of magnetoelectronics intensified the interest in such materials since the efficiency of any spindependent device scales with the spin polarization at the Fermi level. Adding the spin degree of freedom to the conventional electronic devices has several advantages like nonvolatility, increased data processing speed, decreased power consumption and increased integration densities [3] .
Several groups have verified the half-metallic character of bulk NiMnSb using first-principles calculations [4] . Also, experimentally the half-metallic character of NiMnSb in single crystals has been well established. Infrared absorption [5] and spin-polarized positron-annihilation [6] have shown a spin polarization of $100% at the Fermi level.
Recently it has also become possible to grow high quality films of Heusler alloys, and it is mainly NiMnSb that has attracted attention [7] [8] [9] . Unfortunately, these films were not found to be half-metallic [10, 11] ; a maximum value of 58% for the spin-polarization of NiMnSb was obtained by Soulen et al. [10] . Wijs and de Groot have verified by first-principle calculations these experimental findings [12] .
During the last years our group has devoted a lot of time to the study of half-metallic ferromagnets [13] [14] [15] [16] [17] [18] [19] . In this contribution we will use the screened Korringa-KohnRostoker Green function method [20] within the local density approximation of density functional theory to study the properties of NiMnSb and other half-and full-Heusler compounds. 
Electronic and magnetic properties
First, we calculated the electronic structure of the halfHeusler alloy of the type XMnSb, with X being an element of the Co or Ni columns of the periodic table. These compounds are known experimentally to be ferromagnets with high Curie temperatures ranging between 500 and 700 K for the Co, Ni, Pd and Pt compounds, while the Curie temperatures of the Ir and Rh compounds are around room temperature [1] . They are also known to exhibit a small disorder [1] , with the exception of CoMnSb [21] . In Fig. 1 we present the spin-projected, atom-resolved density of states (DOS) for NiMnSb. All the other five compounds present similar density of states. All six compounds present a gap, which is wider for the compounds containing Co, Rh or Ir. The Fermi level is within the gap for the Co-and NiMnSb alloys but just below the gap for the other three compounds. The Sb p states occupy the lowest part of the DOS shown in the figure, while the Sb s states are located $12 eV below the Fermi level. The gap in the minority NiMnSb band is about 0.5 eV wide in good agreement with the experiment of Kirillova and collaborators [5] , who, analysing their infrared spectra, estimated a gap width of $0.4 eV.
The DOS of the different systems are mainly characterized by the large exchange splitting of the Mn d states, which is around 3 eV in all cases (this is clearly seen in the atomprojected DOS of NiMnSb in Fig. 1 ). This large exchange splitting leads to large localized spin moments at the Mn site; the existence of the localized moments has been verified also experimentally [22] . The localization comes from the fact that although the d electrons of Mn are itinerant, the spindown electrons are almost excluded from the Mn site. For a review of the atom-projected moments see Ref. [13] .
The total magnetic moment in m B is just the difference between the number of spin-up occupied states and the spin-down occupied states. In the half-metallic compounds all states of the spin-down valence band are occupied and thus their total number is, as in a semiconductor, an integer and the total magnetic moment is also an integer since the total valence charge is an integer. A detailed discussion of the relation between the total moment and the number of electrons will be given in the next section. Here we only note that the spin moment per unit cell is close to 4 m B in the case of NiMnSb, PdMnSb and PtMnSb, which is in agreement with the half-metallic character (or nearly half-metallic character in the case of PdMnSb and PtMnSb).
Origin of the gap and Slater-Pauling behaviour
In the Heusler alloys the gap in the minority band basically arises from the covalent hybridization between the lowerenergy d states of the high-valent transition metal (TM) atom like Ni or Co and the higher-energy d states of the lower-valent TM atom like Mn or Cr, leading to the formation of bonding and antibonding bands with a gap in between. The bonding hybrids are located mainly at the high-valent TM atom site and the unoccupied antibonding states at the lower-valent TM atom site, e.g. in Fig. 1 [23] based on ionic arguments [23] . Examples for the semiconducting C1 b Heusler alloys are CoTiSb and NiTiSn [24] . Also for systems with more (or less) than 18 electrons, the gap can still exist. These systems are no longer semiconducting and lose part of the stability, since then also 
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NiMnSb ferro para anti-bonding states are occupied (or not all bonding states are occupied). An example is the paramagnetic DOS of NiMnSb, shown in Fig. 1 . Of the 22 valence electrons, four have to be accommodated in the antibonding d bands. Of the possible magnetic states, the half-metallic state, as shown by the spin polarized DOS of NiMnSb in Fig. 1 , is particularly favoured due to the gap at E F in the minority band. Thus for these half-metallic Heusler alloys the 18-electron rule for the semiconducting Heusler alloys is replaced by a 9-electron rule for the number of minority electrons. By denoting the total number of valence electrons by Z t , being an integer itself, the total moment M t per unit cell is then given by the simple rule M t ¼ Z t À 18 in m B since Z t À 18 gives the number of uncompensated spins. This behaviour is known as Slater-Pauling behaviour. In Fig. 2 we have gathered the calculated total spin magnetic moments for the half-Heusler alloys, which we studied as a function of the total number of valence electrons. With a dashed line we represent the rule M t ¼ Z t À 18 obeyed by these compounds. In such a picture the total moment M t is an integer quantity, assuming the values 0, 1, 2, 3, 4 and 5 if Z t ! 18. The value 0 corresponds to the semiconducting phase and the value 5 to the maximal moment when all 10 majority d states are filled.
Full Heusler alloys with L2 1 structure like Co 2 MnSi can be understood along similar lines. Again one has five occupied Co-like Co-Mn bonding hybrides and five empty Mn-like Co-Mn antibonding hybrides. However, in addition to these there are five Co bands of e u and t u symmetry, which for symmetry reasons cannot couple with the Mn sublattice and are in this respect of non-bonding nature. They only hybridize due to the weak NNN Co-Co interaction. The gap occurs between the three occupied t u bands and the two empty e u bands. Therefore the minority-spin valence band consists of 12 bands: one s, three p, five Co-like bonding bands and three Co-like non-bonding t u bands, and the total moment M t follows for these compounds the 'rule of 24': M t ¼ Z t À 24. Figure 3 shows the calculated Slater-Pauling curve for these compounds, which according to the calculations are halfmetals.
Spin-orbit interaction
In all results presented above the scalar-relativistic approximation was used, taking into account all relativistic effects except the spin-orbit interaction. The latter should in principle couple the two spin channels destroying the minorityspin band gap and creating a low-intensity spin-down DOS around E F . The smallness of the spin down DOS around the Fermi level depends on the strength of the spin-orbit coupling. To study this effect we recalculated the electronic structure of NiMnSb solving this time the Dirac equation and thus treating the spin-orbit coupling exactly (for more details see Ref. [17] ). In this way we found the spin polarization at E F to be P ¼ 99% and thus to deviate slightly from the ideal 100%. We repeated the calculation also for other typical half-metallic systems: the zinc-blende compounds CrAs, CrSb and MnBi, and the diluted magnetic semiconductors Ga 0.95 Mn 0.05 As and Ga 0.95 Mn 0.05 N. The results for the spin polarization are presented in Table 1 .
The trend clearly shows that in compounds with heavy sp atoms, which are known to present a stronger spin-orbit coupling, P decreases. The reduction of P depends also on the position of E F within the gap: states close to the band edges have stronger spin-flip amplitude than states deep within the half-metallic gap, as can be seen from first-order perturbation theory [17] . As an extreme case MnBi shows a polarization reduced to P ¼ 77%, as is expected due to the 6p states of Bi. Furthermore, for Ga 0.95 Mn 0.05 As we find P ¼ 92% because the Fermi level is very close to the GaAs valence band which is p-like and is characterised by strong spin-orbit coupling. On the other hand, for Ga 0.95 Mn 0.05 N we find no reduction of P within numerical accuracy. This is understood since (i) N is a very light atom with weak spinorbit coupling and (ii) the Fermi level lies in the middle of the minority gap where the spin-flip amplitude is weakest. For experimental considerations other effects like defects [25] , spin excitations at increased temperature and nonquasiparticle states [26] would have a more important effect on a possible suppression of the gap.
Concluding remarks
We have performed first-principles calculations for the Heusler compounds like NiMnSb and Co 2 MnSi. We have shown that many of these compounds are half-metallic ferromagnets and have explained the origin of the minorityspin band gap. The total spin moment M t shows the so-called Slater-Pauling behaviour and scales linearly with the total valence charge Z t following the rule M t ¼ Z t À 18 for half and M t ¼ Z t À 24 for full-Heusler alloys. Finally we have shown that, when the spin-orbit interaction is included in our calculations, the gap can be partly suppressed, depending on the strength of the coupling; the spin polarization at the Fermi level can be still very high, e.g. around 99% in the case of NiMnSb. Vol. 54, Supplement 1, 2005 
